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Abstract. Green barley leaves (Hordeum vulgaris) floated on the surface of 0.05 Mi
ethylenediamine disodium tetraacetate, EDTA-ZNa, pH 7.0 and exposed to light (5000 lux)
at 250 exhibited a marked bleaching (EDTA-bleaching) visible to the naked eye and paralleled
by a striking reduction in content of chlorophylls a and b. This loss of color did not occur
in controls which were treated with H,O instead of EDTA (water controls). In darkness the
leaves in the water controls were bleached while EDTA-treated leaves retained all their color.
EDTA bleaching was observed only in intact leaves. When leaves were boiled EDTA

protected their pigment against photodecomposition. Without EDTA boiled leaves were
bleached completely in light.

When intact green leaves which had been floated on water and exposed to light for 48 hr
were treated with boiling ethanol or acetone, the chlorophylls extracted by this procedure did
not undergo bleaching if EDTA were present in solution. Under these conditions a green fine
grain precipitate formed which was insoluble in ethanol or acetone and was stable in light
or darkness.
EDTA bleaching of green barley leaveE was inhibited by KCN, and by the addition of

casein hydrolysate.

During the past 8 years the authors have investi-
gated the effect of gaseous ions on higher plants and
have found that moderate concentrations of positive
and negative ions markedly stimulate plant growth
and increase oxygen consumption (2, 3, 6, 7). They
increase both the rates of shrinking and swelling of
isolated chloroplasts and the utilization of ATP in
the process (4). They enhance iron uptake and in
plants suffering from iron chlorosis increase the
"residual" iron pool (including cytochromes and
other Fe-containing enzymes) while the "active"
iron fraction of the tissues decreases and the chloro-
phvll content is diminished (2, /7). Active iron, con-
tained in the chloroplasts, participates in the produc-
tion of chlorophyll while residual iron is not asso-
ciated with chloroplasts nor is it involved in the
biosynthesis of chlorophyll (1, 8).

In studying the effect of air ions on chlorophyll
biosynthesis attempts have been made to use etio-
lated seedlings for the preparation of isolated chloro-
plast suspensions which had retained their ability to
produce chlorophyll. Unfortunately such isolates
bleach when exposed to light; even green chloroplasts

become decolorized during light treatment for 72 hr.
In our experience retention of the green color of
chloroplasts is closelv linked to their retention of
catalytic activitv. Therefore it seemed reasonable
that if one knew how to prevent the bleaching of
chloroplasts, he might hope to obtain etiolated chloro-
plast suspensions capable of synthesizing chlorophyll
in the light. These considerations led us to study
the mechanism of decolorization of isolated green
chloroplasts in a defined medium.

In preliminary experiments it was noted that
EDTA, a component of the isolation and suspension
medium, was responsible for the decolorization of
green chloroplasts. It appeared to us that an under-
standing of this phenromenon would be useful not onlv
in defining the conditions requisite for physiological
maintenance of isolated chloroplasts but also in pro-
viding further insight into the nature of the chloro-
phyll-lipoprotein complex-the minimal biochemical
unit essential for the full performance of photosyn-
thesis. We are reporting here experimental observa-
tions on the EDTA 'bleaching of barley seedlings.

Materials and Methods

1 This work was supported by a grant (AP 00002-09)
from the National Center for Air Pollution Control,
United States Public Health Service.

2A part of this paper was presented before the An-
nual Meetings of Plant Physiologists at the University
of Massachusetts, Amherst, Massachusetts, August 20
to 23, 1968(5).

Barley seedlings were routinely raised under
laboratory conditions. Barley seeds (Hordeint vul-
garis var. Mariout) were soaked in distilled water
for about 24 hr with vigorous aeration. The soaked
seeds were placed in a tray containing Dacron wool
moistened with 0.1 mM CaCl, and 3 KM chloram-
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pJhenicol. This concentration of chloramphenicol
discouraged the propagation of bacteria and appar-
ently did not affect either seedling growth or EDTA-
bleaching.

The seeded tray Nvas placed in an incubator at
25' and the seeds were allowed to germinate in dark-
ness for 3 days. Then the seedlings -were placed in
the open roomii, exposed to indirect light (300 lux)
for 48 hr and then to direct light (5,000 lux) for
48 hr. Whein the seedlings had developed a full
green color, the green leaves were harvested. Five
grams of green leaves were cut transversely into
small pieces (ca. 5 mm) with scissors and placed in
a clear plastic chamber containing 100 ml of the
mediumii specified in the text.

At stated intervals 0.5 to 1.0 g of leaves were
collected, washed with a 500 ml volume of distilled
water, blotted dry and weighled. The washed leaves
were extracted 3 times witlh 50 ml of boiling 80 %
(v/v) ethanol, and once with boilin-g ethyl ether.
All alcoholic fractions were comibined to form a
chlorophyll extract and the ethereal fraction was
discarded. After evaporating the ether, the residues
were dried in an oven at 500 and their dry weights
were determined. The alcoholic extract w'as kept in
the refrigerator overnight and then centrifuged at
10,OOOg for 10 min. The precipitate formed was
(liscarded. The extinction of the supernatant was
(letermiined with a Beckman DU spectrophotonmeter
at 650 mu and i665 mn.t anid the contents of chlorophyll
a and b were calculated by the metlhod of Mackinney
as modified by Vishniac (111). For the acetone
extract, green leaves (1 g) were ground with a
mortar and pestle with 10 nil of 85 % (v/v) acetone.
The lhomogenate was centrifuged at 10,OOOg for 10
min, the supernatant was saved, and the residue was
extracted with 85 % acetone until no green color
remained in the residue. All supernatants were coIml-
bined to form a chlorophyll acetone extract. The
acetone extract was kept in the refrigerator over-
nighlt and centrifuged at 12,O00g for 10 mni. Both
the ethainol and acetone extracts wvere adjusted to
contain 400 /Lg total chlorophyll/ml.

The trichloroacetic acid soluble fraction. conSist-
ing mainly of nucleic acids, was extracted froml the
(lrie(l residue according to the mietlhod of Schlleider
( () with a slight modificationi. One gramil of the
(lried residue was homogenized in 5 ml of distilled
Nvater using a mortar and pestle. To each 1 ml of
the tissue homogenate were added 1.3 ml cold 10 %
(w/v) trichloroacetic acid. The mixture was cen-
trifuged at 12,000g for 10 min. The supernatant
was saved and the residue was resuspended in 5.0 ml
of 5 % (w/v) trichloroacetic acid and centrifuged
at 12,000g for 10 min. All trichloroacetic acid frac-
tions were combined to form the nucleic acid extract
and nitrogen content was determined.

The residue remaining after trichloroacetic acid
extraction was suspended in 20 ml of 5 M H.,SO4,
transferred quantitatively into a 120 ml Erlenmyer
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flask, placed in an oven at 1500, and digested with
a trace of CuSeO3 and with occasional addition of a
few drops of 30 % (w/v) H,20. After adjustment
of the total volume of the digest to 20 ml with dis-
tilled water, 1 ml of the digest was taken into a
larger test tube and diluted to 10 ml with distilled
water. The nitrogen content of the diluted digests
was determined by Nesslerization based on the pro-
cedure of Seligson and Seligson (10). The color
intensity was determined by either the Klett-Sulmi-
merson photoelectric colorimeter with a No. 42 filter
(blue) or the Beckman DU Spectrophotometer at
500 m,u against a reagent blank.

Experimental
Results

Wheni green barley leaves Nwere floated oni 0.05 al
EDTA-2Na, pH 7.0, exposed to light (5000 lux) at
250, the leaf tissues were completely bleached to a
yellow color within 40 hr. Fig. 1 shows the EDTA-
bleaching in terms of decrease in chloroplivlls a and
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FIG. 1. Effect of EDTA on chlorophyll content of
green barley leaves in light. Green barley leaves were
cut into small pieces and floated on the surface of 0.05 M
EDTA (pH 7.0) and on H,O as controls. They were
exposed to light (5000 lux) at 250. At stated intervals
the leaf pieces were sampled and extracted with boiling
80 % (v/v) ethanol. Chlorophyll content was deter-
mined photometrically. The vertical bars indicate 95 %
confidence intervals.

b in EDTA-treated leaves. The chlorophyll a and b
concentrations in the HO control remained at a
constant level throughout the experimental period.
EDTA-treated leaves showed a drastic decrease in
chlorophyll a concentration as early as 20 hr after
beginning exposure to EDTA and light. The chloro-
phyll b concentration followed a similar trend but
its rate of decrease was lower than that of chloro-
phyll a. The ratio of chlorophyll b/chlorophyll a
exceeded 1 after 20 hr of exposure.

\Vhen green leaves were treated with EDTA at
250 in darkness, no bleaching was observed In this
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incubation whereas EDTA-treated leaves retained all
--IJ. -4 - their color during this period. In this case the ratio
l l of chlorophyll b/chlorophyll a did not exceed 1.

If green barley leaves were 'boiled for 1 min,
cooled in ice cold water, then treated with 0.05 M
EDTA in light, no bleaching was observed. Com1-
parable treatment of leaves with water instead of
EDTA produced a marked bleaching i(Fig. 3). The
total chlorophyll content of boiled leaves treated with
EDTA was not altered, whereas very little chloro-
phyll remained in untreated boiled leaves.

In order to test the direct effect of EDTA on
chlorophyll extracts, boiling 80 % (v/v) ethanol and
85 % (v/v) acetone extracts were prepared from

45 5s s5 60 65 7-day-old green barley leaves which had been ex-
posed to light in H2O containing 3 KM chloram-

)phyll content of phenicol for 48 hr. The green leaves (1 g) were
conditions were extracted with a 50 ml portion of boiling 80 % (v/v)
except that the ethanol and the residue was extracted twice with

30 ml volumes of boiling 80 % )(v/v) ethanol. The
alcohol fractions were combined, kept in the refrig-

bited bleaching. erator overnight and centrifuged at 12,000g for 10
rom a dark ex- min. The supernatant obtained was used as a
tration of both chlorophyll alcohol extract. An acetone extract was
place at a lower prepared as described in Materials and Methods
EDTA-treated section.

e bleaching of To 10 ml portions of each extract were added an
after 65 hr of equal volume of 0.05 M EDTA-2Na, pH 7.0, or the

same amount of H,O as a control. Both solutions
T contained 3 uzu chloramphenicol. The mixtures were

EDTA H20 EDTA H2O

& Boiled Barley Leaves Intoct Barley Leoves

Exposed to Light (5,000 LuX) for 24 'tours

FIG. 3. Effect of boiling on EDTA-bleaching. Green
barley leaves were heated in boiling water for one
minute and cooled in ice-cold water. The boiled leaves
were blotted dry, weighed, cut into small pieces, and
floated on the surface of 0.05 M EDTA-4 Na pH 7.0
or on H20 as controls. After 24 hr of exposure to
light (5000 lux) the treated leaves were extracted with
boiling 80 % ethyl alcohol. The vertical bars indicate
95 % confidence intervals.
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FIG. 4. Effect of EDTA on bleaching of barley chlo-
rophyll extracts. Chlorophylls were extracted either
with boiling 80 % (v/v) ethanol or with 85 % (v/v)
acetone. The concentration of the extracts was adjusted
to 400 Jg/ml. To 50 ml of each chlorophyll preparation
were added 50 ml of 0.05 M EDTA-2 Na, pH 7.0 or 50
ml of H,O as a control. The mixtures were exposed
to light (5000 lux) for 24 hr. Chlorophylls in the
mixtures were extracted with diethyl ether and deter-
mined spectrophotometrically. The vertical bars indicate
95 % confidence intervals.
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exposed to lighlt (5000 lix) at 25°. After a 24-hr
exposure period, an equal volumiie of H.O was added
to each mlixture and chlorophylls in the mixture were

extracted with an equal volume of diethyl ether.
The total chlorophyll concenitrationl was determined
spectrophotometricallv. Fig. 4 shows the results.
In this case the addition of EDTA protected against
the bleaclhing of either alcoholic or acetone chloro-
phvll extracts. EDTA-treated extracts formed a

green fine grain precipitate wlhich remained green

permanently in either light or darkness.
The data cited above show that in order to induce

EDTA-bleaching leaf tissues must be intact, sug-

gesting that an enzyme may participate in this
phenomenon. In order to assess this possibility
several enzyme inhibitors and activators were tested
for their effect on EDTA bleaching. Normally when
barley leaves are floated in EDTA in the light a

marked bleaching occurs. In the presence of KCN,
the EDTA bleaching was inhibited (Fig. 5). As
yet there is no conclusive evidence for the involve-
ment of a respiratory system in the EDTA-bleaching.
Inhibitors (each at 10 mM) such as antimycine A,
2,3-dimercapto-1-propanol and naphthoquinone did
not prevent EDTA-bleaching. Also EDTA-bleach-
ing experiments wvere performed under aerobic and
aniaerobic conditions created by bubbling 100 % 02
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FIG. 5. Effect of cyanide on EDTA-bleaching. Intact
green barley leaves (8 days old) were floated on the
surface of the media indicated. After 48 hr of exposure
to light, the chlorophylls were extracted with boiling
80 % (v/v) ethanol and determined spectrophotometric-
ally. The vertical bars indicate 95 % confidence in-
tervals.

Table I. Effect of Nitrogen A tmosphrcc ont EDT,-1-
Blcachintg in. Light

Seven-day-old green barley leaves (3 g) were floated
on the surface of 200 ml of the specified medium in a
500 ml Erlenmeyer flask, nitrogen gas was bubbled
through the medium and the leaves were exposed to
light (5000 lux) for 48 hr.

Condition of
leaves Intact Intact Boiled Boiled

0.05 AI 0.05 AI
Medium EDTA H20 EDTA H,O
Chlorophyll a
Ag/g fresh wt. 239.8 695.6 492.2 467.7

Chlorophyll b
,ug/g fresh wt. 240.9 275.4 337.4 259.6

and 100 % N9 gas respectively into the ml1edia coil-
tained in an Erlenmeyer flask.

Table I shows that after 48 hr exposure to light
under anaerobic conditions no apparent bleaching
occurred. Intact green barley leaves treated with
EDTA yielded bright green colored residues after
extraction with boiling 80 % (v/v) ethyl alcohol.
The green pigments in the residues could not be
extracted even after 'boiling with 70 % ethyl alcohol
for 30 to 60 min. As a result marked bleaching was
recorded in terms of boiled alcohol soluble chloro-
phvlls (table I). In the case of boiled leaves their
initial dark green color altered to a slightly brownish
green during exposure to light in EDTA solution
or in water. This green pigment present in boiled
leaves was extracted completely with boiling 80 %
(v/v) ethanol within 10 min, leaving a residue of a
faintly yellowish tinge. Accordingly no bleaching
was recorded in terms of chlorophyll content (table
I).

Table II. Effect of Oxygen antd Acrationi oni, EDTA4-
Bleaching in Light

Experimental conditions in this series duplicated
those established in table I except that oxygen or air
replaced nitrogen.

Condition of
leaves Intact Intact Boiled Boiled

0.05 MI 0.05 M
Medium EDTA H,O EDTA H,O
Chlorophyll a,ug/g fresh wt 229.6 585.5 429.0 139.0
Chlorophyll b
Ag/g fresh wt 240.9 375.4 245.0 115.0

Atmosphere Oxygen

Condition of
Leaves Intact Intact Boiled Boiled

0.05 M 0.05 M
Medium EDTA H,O EDTA H,O
Chlorophyll a

,ug/g fresh wt 325.0 750.0 635.4 335.0
Chlorophyll b

,ug/g fresh wt 230.6 385.5 365.7 265.0
Atmosphere Air
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In the presence of oxygen marked bleaching was
observed both in EDTA-treated intact leaves and in
H.,O-treated boiled leaves. Concomitantly there oc-
cutrred a marked decrease in the chlorophyll content
in both instances (table II). The residues remain-
ing after a 10-min period of extraction with boiling
alcohol were wvhite to gray in color withlout any
visible greenish cast.

Table III. Effect of EDTA-Bleaching on TCA Soluble
Nitroget and Total Protein Nitrogen

Seven-day-old green barley leaves were floated on
the surface of the medium indicated and exposed to light
(5000 lux) for the periods indicated. Nitrogen was de-
termined by Nessler's method after wet digestion of
the sample.

Time exposed 24 hr 48 hr
Medium treated EDTA H20 EDTA H20

(0.05 M, (0.05 M,
pH 7.0) pH 7.0)

Trichloroacetic acid soluble N
,ug/mg dry wt 3.2 4.2 2.9 5.3

Total protein N
mg/g dry wt 32.9 54.2 32.1 62.1
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FIG. 6. Effect of casein hydrolysate on chlorophyll
a content in EDTA-treated green barley leaves. Green

barley leaves were floated on media contained in clear
plastic containers and exposed to light (5000 lux). The
final concentration of the media was 0.05 M EDTA (pH
7.0), and 0.025 M EDTA (pH 7.0), and 0.025 M EDTA
(pH 7.0) plus 2 % (w/v) casein hydrolysate aqueous

solution. Chlorophylls were extracted with boiling 80 %
ethanol and determined spectrophotometrically. The
vertical bars indicate 95 % confidence intervals.

In order to determine whether protein metabolism
is involved in EDTA-bleaching, the trichloroacetic
acid soluble nitrogen (total nucleic acid fraction)
and total protein nitrogen (8) were determined by
Nesslerization after wet digestion of samples. Table
III presents the results obtained. It is clear that a
significant difference developed between EDTA-
treated leaves and the water controls with respect to
both trichloroacetic acid soluble nitrogen and protein
nitrogen suggesting the participation of protein
metabolism in the phenomenon. To test this possi-
bility, the effects of casein hydrolysate on EDTA-
bleaching were observed. Green barley leaves were
floated in 200 ml aliquots of the following media:
(1) H2O, (2) 2 % (w/v) casein hydrolysate, (3)
0.025 M EDTA-2Na at pH 7.0, and (4) 2 % (w/v)
casein hydrolysate in 0.05 M EDTA-2Na at pH 7.0.
All media contained 3 FM chloramphenicol to prevent
microbial propagation. Fig. 6 shows the effects of
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FIG. 7. Effect of casein hydrolysate on chlorophyll b
content of EDTA-treated green barley leaves. See the
legend for Fig. 6. Vertical bars signify 95 % confidence
intervals.

casein hvdrolysate on the chloropllhll a content of
EDTA-bleached leaves. The HoO and casein hv-

drolysate controls main'tained a constant level of
chlorophyll a throughout the entire exposure period,
while EDTA-treated leaves underwent a marked
decrease in chlorophyll a content. The rate of
EDTA bleaching was appreciably reduced in the

presence of 2 % (w/v) casein hydrolysate. A simi-
lar trend was noted in chlorophyll b content (Fig. 7).

Discussion

W\hen green barley leaves are floated oIn the

surface of water containing EDTA and are exposed
to light, thev undergo a pronounced bleaching.
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Leaves floated on water in the absence of EDTA
retain their color. This phenomenon is reversed in
darkness, i.e., the EDTA-treated leaves remain green
wlhile the leaves floated on H,O are bleached.

One might be inclined to conclude that the bleach-
ing effect of EDTA is produced 'by the chelating
action of the EDTA molecule, i.e., the magnesiun
atomll in the chlorophyll molecule may be removed in
the fornm of an EDTA-Mg chelate complex with the
rest of the pvrrole rings of the chlorophyll nmolecule
undergoing decomposition either by spontaneous
photolysis or 'by an enzyme-linked photodecomposi-
tion. However, this concept is not compatible with
the fact that alcohol or acetone extracts of water-
treated leaves are bleached completely by exposure
to light wlhile in the presence of EDTA the chloro-
phyll preparations retain their green color perma-
nently '(Fig. 4). In the latter case a fine grain
green precipitate forms which, like the supernatant.
is not decolorized in light. The green color of either
the precipitate or the supernatant is easily trans-
ferred to diethyl ether and displays the characteristic
spectra of chlorophylls a and b.

It can be postulated alternatively that EDTA
may inhibit a certain enzyme system required for
clhlorophyll formation. In this event chlorophyll
production would cease and photodecomposition
vould account for the bleaching without involving
direct action of EDTA on the chlorophyll molecule.
This possibility has been explored by observing the
effects of chlorophyll precursors such as CO., glycine
and 8-aminolevulonic acid on EDTA-bleaching.
None of these substances produces any measurable
inhibition of EDTA bleaching. Actually 8-amino-
levulonic acid accelerates the rate of bleaching.

Also relevant is the experimental fact that the
visilble EDTA-bleaching of intact leaves does not
occur in an atmosphere of nitrogen. Subsequent
extraction of the leaves with hot alcohol, however,
produces a green residue which remainis insoluible
even after 30 min of extraction. Thus a marked
decrease in the hot-ethanol extractable chlorophyll
content is observed in EDTA-treated but not in
H.O-treated intact leaves under anaerobic conditions
(table I). Neither apparent 'bleaching nor the
formation of hot-alcohol-insoluble green pigment is
observed in boiled leaves in an atmosphere of
nitrogen. Essentially the same amounts of chloro-
phylls a and b are extracted from both EDTA- and
H20-treated boiled leaves'(table I) . In the presence
of oxygen, more marked bleaching is observed in
EDTA-treated intact and H2O-treated boiled leaves
than occurs in room air (table II).

The fact that inhibitors of the respiratory system
(except KCN, Fig. 5) 'fail to prevent EDTA-bleach-
ing suggests that no essential element in the respira-
tory syrstem 'may be involved. The addition of KCN
does not prevent the photodecomposition of purified
chlorophylls a and b in organic solvents such as
ethanol, acetone, etc. and H.,O-treated boiled leaves.

PHYSIOLOGY

KCN is only effective in preventing EDTA-bleachinig
in intact leaves under aerobic conditions.

Striking reversals of EDTA effects are observed
when green leaves are treated with EDTA in liglht
and in darkness (Figs. 1 and 2). A similar reversal
is observed in comparing intact and boiled leaves
('Fig. 3). This plhenomenon is currently interprete(I
as indicating that EDTA nmav form a coml)lex, vhlicll
becomes insoluble in hot alcohol when it fornms under
anaerobic conditions. aind this complex resists dle-
composition in the dark but in light it readily under-
goes photodecomiposition. From tlle fact that the
bleaching of boiled leaves in light is protected by
adding EDTA, it seemiis likely that tlle comliplex
formation may proceed non enlzvliaticallv\ butt the
photodeconiposition of the comlplex miay he catalyzed
by an enzyme. Investigation of this point is pl)rs-
ently in progress.

Casein hydrolysate inhibits EDTA-bleachin-g
(Figs. 6 and 7). The total protein content 'of leaves
exposed to EDTA and light declines markedly witl
bleaching (table III). One would be inclined to
assuime that calcium contained in casein hvdrolvsate
complex reacts directly with EDTA. This is not
likelv to be the case, because the additionl of CaCL
did not prevent EDTA bleaclhing. This fact indi-
cates that only amino acid components of caseini
hydrolysate participate in the inhibition of EDTA
bleaching.

No attempt has been made here to develop a
hypothetical mechanism of EDTA action whiclh
would account for all the observed phenomena. This
will be done in a subsequent paper utilizing the re-
sults of additional experimentation now in progress.
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